One of the shortcomings of the original theory of the geomorphologic unit hydrograph (GU H) is that it assumes that runoffis generated uniformly from the entire catchment area. It is now recognized that in many catchments much of the runoff during storm events is produced on partial areas which usually form on narrow bands along the stream network.
where P( ) denotes the probability of the event given in the parentheses. Note that for all particles that are generated at time _-, both T B and t are measured from the instant _-. The right-hand side of (i) is simply the probability density function (pdf) of T B.
Let l-I be the highest order of the catchment stream network; ct(1 -< i -< fl) denotes a channel state of order i; and which a particle of water may follow from the state ri where it is generated to the catchment outlet. Thus we have
sES where Ts(s E S) is the travel time along a path s and P(slr) is the probability of the given path s out of all paths S, for given r. Neglecting the travel time over the hiilslopes, any path s E S necessarily takes a form s = (xl, x2, "'", xk), where x=, x2, • • •, xk E {ci, i = 1, ft}. For a path s E S that originates in a hillsiope of order i (note that xl = c,.), P(slr) is given by
where Hi(r) iS the probability that the particle of runoff came from a hilislope of order i and Px, x, is the transition probability for the particle between order xi and xj. In the general formulation it is equated to the ratio of the number of particles of runoff generated in all the hillslopes of order i to the total number of particles of runoff generated from the entire catchment. The generalized GUH is then obtained by combining (i), (2), and (3). The probabilities Hi(r),
for i = 1, 1_, in (3) are dependent on the runoffgeneration model. Their derivation is presented in section 2.3. The assumption neglecting hillslope travel times is reasonable for large catchments or narrow partial areas. The interaction between hillslope and channel travel times over a range of catchment scales is currently being investigated by the authors.
2.2.

Model of Runoff Generation
The runoff generation model used in this paper is a simplified version of the conceptual model of Sivapalan et al. [1987] . It is based on the fundamental assumption that, under quasi-steady conditions, the difference between the local prestorm water table depth zx at a location x and its catchment-wide average _ is linearly related to the corresponding difference between In (aTelT_ tan/3), a topographysoil index, and its catchment average _. This relationship can be expressed as
In (4), a denotes the area draining through location x per unit contour length, T, is a local transmissivity parameter, and f is a hydrogeological constant for the catchment and is a measure of the decline of the saturaled hydraulic conductivity with depth. For soils for which this decline is exponential, Beven [1986] showed that Tx = Kolf, where K0 is the saturated conductivity of the surface soil layer; _ and The contributing area Ac expands with time during the storm, and at any time r after the beginning of the storm, the dynamic contributing area is obtained by determining the locations where Ms(r) > Sx. In terms of the topography-soil index this condition can be expressed as
The model presented by Sivapalan et al. [1987] assumes that infiltration is controlled by the initial moisture content and saturated hydraulic conductivity of the surface layer and neglects the variation of these quantities with depth. This allows analytical solutions for the infiltration process to be developed.
Both the rainfall intensity p and the surface hydraulic conductivity K0 are assumed to be spatially variable. Rainfall p is assumed to be gamma distributed within the catchment with mean /3 and coefficient of variation 2.3.
Derivation of 11;(_)
Let A be the area of the entire catchment. We denote by A* the total area of all the hillslopes that drain directly to streams of order i, 0i denotes the proportion of A* to A, i.e., 0i = A_IA and 5_0t = I. Expressions for 0i for a third-order catchment in terms of Horton's order ratios R A and R B are presented in Appendix B.
Let Ac(¢) be the contributing area for the entire catchment defined as the area contributing direct runoff by the saturation excess mechanism. We also define by A*(¢) the total contributing area from all the hillslopes which drain directly to streams of order i. Then we can easily establish the following relationship:
Let m#(,) be the areal mean infiltration rate over the non-contributing area of the catchment, A -Ae(¢). Here ms(r) is modeled using an average surface moisture content of the soil over the nonponded area. The areal average rainfall intensity, assumed constant in time during the storm event, is denoted by/5. Then the rate of runoff generation at any time • from the entire catchment is given by
We also make the scale approximation that the averages of rainfall and the infiltration rate taken over, say, all of the hillslopes that drain directly to streams of order i are equal to the catchment-wide means p and ms(r), respectively. The mean runoff production rate from all the hilislopes that drain to streams in order i is then given by
The proportion Iii(¢) of the number of particles of runoff generated on all the hillslopes that drain to streams of order i, to the total number from the entire catchment is simply 
2.4.
Derivation of A*,/Ac
To disaggregate Ac into A*q for i = l, • • •, fl, we assume that the catchment area can be broken up into a number of rectangular plane hillslopes which drain directly to streams of different orders i. As outlined in the earlier description of the runoff generation model, the contributing areas are predicted by the topography-soil index In (aT¢/T x tan fl). Given the threshold value of this index at saturation, In (aTJTx tan/3) s, the proportion of contributing area Ac/A can be obtained from the cumulative distribution function of In (aT_/T_ tan p).
The AclA versus In (aTJTx tan /3) relationship for an idealized rectangular plane hillslope was derived by Beven and Wood [1983] , applying this relationship to the hillslopes that drain directly to streams of order i and whose combined area as defined above is A*, we have
where is, is the mean ground surface slope of the hillslopes in a direction normal to the streams to which they drain and L s is the mean length of the hillslopes in the same direction.
Horton [1945]
and Morisawa [1962] have found that/'s in most catchments can be approximated by l/2D, where D is the drainage density which does not vary greatly with the order of the catchment and can therefore be assumed to be constant.
At very large catchment scales where there is significant nonstationarity in landforms, this assumption would not hold.
We now make use of Horton's [ 1945] law of stream slopes which can be expressed as
where ii is the mean stream slope of ith-order streams. 
Now,
Combining (7), (17), and (18) and eliminating (a/tan fl), we can derive expressions for A_,IAc as a function of AriA and the geomorphologic constants Oi and RsG. The resulting expressions for a third-order catchment are presented in Appendix C.
Both the variables AriA and Qs are outputs from the conceptual runoff generation model described earlier. Also, Ar/A and Q, are functions of r and are dependent on the rainfall intensity, soil properties, topography, and the initial moisture conditions. The sensitivities of Ac/A and Q, to a number of dimensionless similarity parameters and auxiliary variables that represent climatic inputs, catchment properties, and initial conditions were investigated by Sivapalan et al. [1987] .
The Generalized GUll
We define a dimensionless generalized GUH, denoted by h*(t*l¢*), as h*(t*l¢*) = l"th(tl¢) [1982] . These are summarized in Table I . RSG was arbitrarily assumed to be 0.62. The variations ofh_, the peak of the dimensionless GUH, with variations of ArIA and Qs are presented in Figures la and lb. They show that partial area runoff generation can have a significant impact on the GUH peak and time to peak in many catchments.
ESTIMATIONOF DIMENSIONLESSFLOOD FREQUENCY
I. Derivation of Dimensionless
Peak Discharge [1963] has found that as long as the unit hydrograph peak and the time to peak are preserved, a triangular unit hydrograph is sufficient for the prediction of streamflow response.
Henderson
Wood and Hebson [1986] derived the peak discharge Qp from a catchment due to storm runoff generated at a constant rate q and having duration t, by utilizing a triangular IUH having peak h o and time to peak tp.
The resulting expression for Qp is as follows:
In the present paper the rate of runoff generation varies in time even though the generated rainstorms were temporally constant.
The results of Beven [1986] suggest that the temporal variations in rainfall can influence the shape of the flood frequency curve. This issue will be addressed in the discussions following the results. To capture the effects of the temporal variation in runoff production, the peak dis- 
The time-varying runoff production was then convoluted with the dimensionless S*(t*) curve to yield the outflow hydrograph from which the peak discharge and time to peak were extracted. As discussed in section 2, generalized GUH is a function of Ac/A and Qj which are also time variable. For the simulation results presented in this paper, we used time-averaged values, Ac/A and {_a, in the calculation of h*.
Relationships between the scaled (or dimensionless) and nonscaled discharge values can be established using the time scales ¢t and ¢, defined earlier and the following transformations. These transformations are similar to the ones used by Sivapalan et al. [1987] and are consistent with the definitions presented in Appendix A. 
q c(0 -0,)
The above expressions for the dimensionless peak discharge do not include a base flow component; its treatment is discussed in section 3.3.
Frequency Distributions of Inputs
As in most previous work, we assume that the scaled storm duration is exponentially distributed; in this case it has mean 1. The scaled point rainfall intensities are assumed to be gamma distributed with parameters a and _1 and coefficient of variation C,. Following Wood and Hebson [1986] , we assume that the scaled mean rainfall/5* over a catchment of area A is also gamma distributed with parameters eta and [3A. Wood and Hebson [1986] have shown that
where K2 is a geoclimatic scaling parameter defined by
where 0.2 and 0.2 are the variances of point rainfall and areal average rainfall, respectively. The K2 can be estimated for any catchment area A using the space correlation of the rainfall intensity process.
The variance of point rainfall intensities within a catchment is also important and has a significant effect on predictions of the rates of runoff generation. 
where at, a2, bl, and b 2 are constants with al + a2 = 1. The correlation length is given by f0 'tz a2( r)la
In this paper we assume a, = 0.7, a2 = 0.3, and bllb 2 = 3.0. For such a correlation structure the variation of K2 and
C_olC o with the scaled catchment area A* = AI),_ is presented in Figure 2 .
Distribution of the Initial Condition
In the model of Sivapalan et al.
[1987] the initial moisture state of the catchment is uniquely represented by the auxiliary variable Q*. Q* is a dimensionless baseflow parameter which in combination with the topography-soil index parameter _* and the hydrogeologic parameter _ determines the initial contributing areas and the soil moisture in the unsaturated zone (note that the baseflow is inversely proportional to Q*).
In reality, Q* can vary between storms (short term) as well as between seasons (long term). Ideally, the distribution of 
In the simulations carried out in this work was have used n = 20 storms per year and simulated a total of 4000 storms;
this set was repeated 25 times for a total of 4000 (25) 
Return Period {years) Return Period {yea.,'s} Two additional runs were made to explore increases and decreases of the mean scaled storm intensity.
In the base case the mean scaled storm intensity was set equal to the mean scaled soil hydraulic "!0 "i® "lm
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CONCLUSIONS
This paper has described a derived flood frequency model using a generalized GUH and based on partial area runoff generation.
The first objective of the work was to obtain a greater understanding of the interrelationships among processes that underlie the storm response of catchments of different scales and physical characteristics as reflected in flood frequency distributions. We attempted to do this here by casting the storm response model using scaled (or dimensionless) parameters and focusing on concepts of hydrologic similarity. Second, we wished to understand why previous derived flood frequency models based on the GUH have performed poorly and to make significant fundamental improvements to these methods.
In this paper, we adopted a derived flood frequency approach with a GUH-based runoff routing model, Significant improvements were made to these methods through the following extensions:
(I) use of a physically based runoff generation model that incorporates runoff generation on partial areas by both infiltration excess and saturation excess mechanisms, (2) use of a generalized GUH based on partial area generation and consistent with extension ! above, (3) variability of antecedent moisture conditions between storms, and (4) incorporation of the effects of catchment scale both on the rainfall input distributions and in runoff generation.
It has been known for at least 50 years that the important problem in surface hydrology is determining "what to route" not "how to route." Most of the hydrology literature has focused on the latter topic. Our work demonstrates the importance of the former and the mechanism that generated the direct runoff. For example, the results of the Monte Carlo simulations have shown that for catchments dominated by infiltration excess runoff the flood frequency curve is completely defined by the distribution of the scaled rainfall-soU parameter p*/K_, and the scaled catchment area A*. This emphasizes the need for further research into rainfall distributions, especially the distributions resulting from storms of different types and scales.
For catchments where saturation excess storm production dominates at low flood return periods and infiltration excess dominates at high return periods, the results show that the resulting flood frequency distribution may appear toward an extreme value type 3 (EV-3) curve, implying a limiting flood. Such an interpretation is incorrect, and the flood frequency curve is transitioning to an infiltration excess dominated flood curve. Further research is required to understand the rainfall and catchment characteristics that define the extent of the two mechanisms. The results of the simulation imply that the transition part of the flood frequency curve is produced by long storms of medium intensity on initially wet catchments. 
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The sensitivity of the flood frequencydistributionto the scaledcatchmentareaA*.
The analysis of catchment similarity by means of the kinds of sensitivity analyses carried out in this work have yielded valuable insights into the interrelationships between various processes at the catchment scale. These can help in the development of simple physically based models of catchment behavior. The work in this paper can be extended in a number of directions. The first extension would be to augment the rainfall model to include temporal variability as well as the spatial variability that was considered.
Further, the Monte Carlo simulations should randomize storm scale (through A*) and correlate storm scale with storm characteristics to consider cyclonic and convective storms. The second extension is to expand the range of the Monte Carlo simulations by starting the base case where the mixed mechanisms occurred (Figure 8 ). This would allow one to explore the sensitivities with respect to those soil and catchment parameters which were not interesting for the base case presented here (e.g., Figures 12--14) . Finally, the flood frequency model developed in this paper needs to be applied to some actual catchments before one can be sure that the conclusions made in this paper correctly explain the flood data presented in Figure 9 .
APPENDIX A
Topography.
It is assumed that In (aTe/Tx tan [3) follows a three-parameter gamma distribution with location parameter bL, scale parameter IV*, and shape parameter ok* and having mean A = /z + _k*X*. 
